Sounds in natural settings always appear over a noisy background. The masked threshold of a pure tone in white noise (the lowest sound level at which the tone can be detected in the presence of masking noise) is largely determined by energy masking in the peripheral auditory system: when the signal-to-noise ratio within a frequency band centered at the target tone frequency is large enough, the tone can be detected. However, when additional information is supplied to the auditory system, for example in the presence of slow and coherent modulations of a broadband masker (often found in natural sounds), masked thresholds can be reduced substantially below the values expected from pure energy masking. Here, we used intracellular recordings in vivo in rat auditory cortex in order to study neuronal responses to pure tones masked by broadband maskers and amplitude-modulated broadband maskers. When tones were embedded in amplitude-modulated noise, detection thresholds were substantially lower than when embedded in unmodulated noise. The main cue for tone detection in modulated noise consisted of the suppression of the locking of the neuronal responses to the amplitude modulation of the noise by low-level tones.
Introduction
Segregating relevant sounds from noisy backgrounds is essential in everyday life. Auditory masking of pure tone targets in the presence of Gaussian noise maskers is primarily energetic: once the signal-to-noise ratio (SNR) within the critical band centered at the target tone frequency is high enough, the tone is detected (Fletcher 1940, p. 47) . More recently it has been realized that when additional information is supplied to the auditory system, masking can be reduced substantially below the values expected from pure energy masking (for review of across-channel processing, see Grose et al. 2005) . One of the most important and best-studied of these masking release scenarios is comodulation masking release (CMR), in which coherent low-rate amplitude fluctuations are imposed on multiple frequency channels (Hall et al. 1984; Verhey et al. 2003) . This partial coherence across frequency is used by the auditory system of humans and other vertebrates to reduce masking, making the detection of a target tone paradoxically easier when off-target frequency components are added to an ontarget masker. CMR has been demonstrated in animal models as well, for example in starlings (Langemann and Klump 2001) , barn owls (Langemann et al. 2005) , gerbils (Gleich et al. 2007 ) and mice (Klink et al. 2010) . While CMR has not been studied in rats, rats are sensitive to amplitude modulation in a wide range of modulation frequencies (Kelly et al. 2006) .
Neural correlates of CMR have been studied in a number of species. For example, in the starling forebrain Nieder and Klump 2001; Hofer and Klump 2003) masked thresholds determined for tone onset responses were found to be lower in the presence of comodulated maskers. Recordings of single cochlear nucleus neurons in guinea pigs showed suppression of the masker in the presence of comodulated flanking bands, resulting in the enhancement of the response to the target tone (Pressnitzer et al. 2001; Verhey et al. 2003; Neuert et al. 2004) . Similarly, in the Frog's midbrain (Goense and Feng 2012) , unmodulated noise maskers were typically more effective than modulated noise maskers in reducing responses to the target tone.
A different type of a neuronal code for the detection of a tone in modulated maskers has been suggested in cat auditory cortex (AC): Las et al. (2005) reported that a best frequency (BF) tone added to amplitude-modulated noise suppressed the neuronal locking to the fluctuations of the masker even at tone levels that did not evoke activity when presented alone. This study suggested that a tone could be detected through changes of temporal response patterns rather than just by changes in the magnitude of the evoked activity. Obviously, rate-based cues and temporal cues for CMR are not mutually exclusive.
The aim of the current study was to identify neural correlates of CMR using intracellular recordings in rat AC. Locking suppression indeed occurred in neurons whose membrane potential locked to the envelope of the modulated noise. While the onset responses to the tone had similar masked thresholds in modulated and unmodulated noise maskers, locking suppression could be used to detect the tone with substantially lower thresholds.
Materials and Methods

Preparation
Twenty six adult female Sabra rats weighing from 220 to 240 g were used for this study (Harlan Laboratories) . The Joint Ethics Committee of the Hebrew University and Hadassah Medical Center approved the study protocol for animal welfare. The Hebrew University is an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) international-accredited institute.
Surgical procedures were the same as in Hershenhoren et al. (2014) and Yaron et al. (2012) . In short, initial anesthesia was induced by intramuscular injection of a mixture of ketamine (20-70 mg/kg) and medetomidine (0.05-0.5 mg/kg). After a tracheotomy, the animals were ventilated through a tracheal cannula with a mixture of oxygen and halothane (0.5-1.5%, as needed). Temperature, respiratory CO 2 , and respiration quality were continuously monitored. Stability of anesthesia was judged by the lack of withdrawal reflexes and by the stable waveform of the respiratory CO 2 .
The skull above left AC was exposed and a small craniotomy (0.5-1 mm) was performed. The dura covering the cisterna magna was carefully perforated using a needle (30 g). Sharp electrodes were prepared from a filamented borosilicate tube (1.5 mm outer diameter, 0.86 mm inner diameter; Sutter Instrument) using a single-stage vertical puller (PE-2, Narishige) and were filled with a 1 M potassium acetate solution. A small durotomy was performed below the craniotomy, and the electrode was advanced into the cortex in small steps using a microdrive Sutter Instrument) . Electrode resistance was in the range of from 45 to 95 MΩ. The bridge was balanced, and capacitance compensation was used in all experiments. Agarose gel (3-4% agarose type III-A, Sigma), in saline solution, was used to decrease brain pulsation and to keep the surface of the brain moist. The signal was amplified 10× (NeuroData IR283, Cygnus Technologies), sampled at 12.207 kHz (RP2.1, TDT, Tucker-Davis Technologies) or at 12.5 kHz (RX8, TDT), displayed on-line and stored for off-line analysis. A blind search for neurons was conducted from 400 to 1000 μm below the surface. Most neurons were recorded at the estimated depth of layer IV (500-750 μm).
Auditory Stimulation
All experiments were conducted in a sound-proof chamber (IAC). Sounds were generated digitally and transduced to by a sound card (HDSP9632, RME) at a sampling rate of 192 kHz. Sounds were attenuated (PA5, Tucker-Davis Technologies) and played through a sealed speaker (EC1, Tucker-Davis Technologies) directly to the ear canal of the rat's right ear. Sound calibration was conducted in some animals. Attenuation level of 0 dB corresponded to ∼100 dB sound pressure level (SPL) for pure tones and noise stimuli was synthesized at a spectrum level of -60 dB/Hz (Hartmann 1998, p. 47) relative to pure tones at the same attenuation. Calibration was stable to within a few dB across animals in which it was tested.
Experimental Procedure
We report the responses of 40 neurons, which had stable recording that lasted between 30 and 720 min. The responses of these neurons have been measured in response to a large number of different stimuli, and their responses to tone sequences have been reported elsewhere (Yaron et al. 2012, Hershenhoren and Nelken 2014) . Here, we report their responses to tones masked by noise.
Once the electrical recording stabilized, auditory sensitivity to broadband noise bursts was verified. The noise bursts had a duration 200 ms, 10 ms linear onset and offset ramps, inter stimulus interval (ISI; onset to onset) of 500 ms and were presented at 7 levels, between 40 and 100 dB SPL (40 stimuli at each level pseudo-randomly; the sound levels of all trials have been determined at the start of each of these blocks as a random permutation of all 40 × 7 = 280 sound level values that were used; the term pseudo-random is used in this sense throughout the paper). All neurons in our data set responded significantly and showed level dependence to these stimuli. For each neuron, the noise response threshold was determined.
Frequency selectivity was determined for each neuron by using pseudo-random pure tone sequences of 370 tone bursts (50 ms, 5 ms onset/offset linear ramps; ISI of 500 ms) at 37 frequencies (1-64 kHz, 6 tones/octave; 10 repetitions of each frequency). Such sequences were presented at several levels, starting at 80 dB SPL and decreasing by 10 dB steps until the threshold of the neuron was found (threshold range, 20-80 dB SPL). The BF was determined on-line using these responses as the frequency that gave rise to visible responses at the lowest sound level in which such responses were apparent.
After this initial characterization, the protocol for tone masking was presented. We tested the responses to BF tones, to modulated and unmodulated noise bursts, and to their combinations. All conditions were intermixed pseudo-randomly. The following conditions were used: 1) Tones in silence. BF tones (duration 325 ms, 10 ms onset/offset linear ramps) were presented at levels between 20 and 90 dB SPL with an ISI of 1000 ms. These were the same tones as used with noise, and their timing within the 1000 ms trial corresponded to the timing of tone presentations when using noise (onset at 350 ms after start of trial). An example waveform of this condition is plotted in Figure 1A (in Fig. 1 , all sound examples are actual waveforms that were generated by the synthesis program and resampled; in this example tone frequency was 10 kHz, presented at 70 dB SPL) and the average response of all neurons (n = 40) to this condition is plotted in Figure 1B . Each tone level was presented from 15 to 75 times, depending on the overall duration of the recording. 2) Modulated noise alone. A wide noise band (bandwidth: BF Hz centered at BF) was amplitudemodulated by a trapezoidal envelope at 10 Hz. The envelope had a fixed timing: it started with 25 ms on period, followed by 45 ms off/55 ms on modulation pattern, with 5 ms linear onset/ offset ramps for each noise burst. A total of 5 noise bursts were used. The modulated noise started at 200 ms after trial onset and lasted for 475 ms. This is the same noise masker as used by Las et al. (2005) . An example waveform of this condition is plotted in Figure 1C , left (noise Spectrum level: 40 dB, bandwidth 5-15 kHz) and the average response of all neurons to this condition is plotted in Figure 1D , left. The modulated noise was presented at about 40 dB above noise threshold (typically at a Spectrum level of 30 dB) and repeated from 40 to 200 times. 3) Unmodulated noise alone. Noise with the same parameters as (2), but without modulation. An example waveform is plotted in Figure 1C , right and the average response of all neurons to this condition is plotted in Figure 1D , right. 4) Tone embedded in modulated noise. This was the sum of the stimuli presented individually in (1) and (2). The modulated noise started 200 ms after trial onset, tone onset occurred 150 ms later, and both modulated noise and tone ended together 475 ms after noise onset. An example waveform is plotted in Figure 1E , left (in this example the noise Spectrum level was 30 dB with a bandwidth 5-15 kHz and the tone level was 70 dB SPL; the SNR was in consequence 0 dB) and the average response of all neurons plotted in Figure 1F , left. 5) Tone embedded in unmodulated noise. This was the sum of the stimuli presented individually in (1) and (3), with the same relative timing as in (4). An example waveform with the same parameters as in (4) is plotted in Figure 1E , right and the average response of all neurons plotted in Figure 1F , right. Each combination of noise and a tone at a specific level was presented from 15 to 75 times.
The trapezoidal envelope used here has been tested in humans by Carlyon et al. (1989) and later by Rupp et al. (2007) using magnetoencephalography to study human neural correlates of CMR. It was used in animals by Nelken et al. (1999) and Las et al. (2005) .
Data Analysis
All data analysis was performed with Matlab (The Mathworks, Inc.). Data were separated to membrane potential and Spikes. When present, spikes were detected and then clipped. Spikes were detected at their peaks. The start of each spike was determined using the maximal acceleration just preceding the peak and its end using a flatness criterion within a short time window following the peak. Clipping was performed by replacing the spike with a straight line segment between these two time points (see Hershenhoren et al. 2014 for more details). Membrane potential was corrected to the baseline (average of 50 ms before noise onset time) across all trials, unless stated otherwise.
To quantify the significance of envelope locking, we compared the responses of each neuron in the modulated noise alone condition, in each noise cycle separately (similar to Las et al. 2005) , with a template consisting of the average response of all other neurons in the same condition and in the same time window. The two were compared using their correlation coefficient. Higher correlation values indicated envelope locking similar to that observed in the population average. The time window for computing the cross correlation was from 15 to 40 ms after cycle onset for the first noise cycle (which was shorter than the others) and from 15 to 70 ms after cycle onset for all the other cycles.
We applied a similar procedure to compare locking in the noise alone and the noise plus tone conditions. In this analysis we correlated, for each neuron, the responses in the noise alone with the responses to tones embedded in noise, separately for each tone level. As above, different noise cycles were treated separately. We specifically analyzed the responses to the first cycle before tone onset, the first cycle The average response of all neurons to the stimuli in E.
after tone onset, and the second noise cycle after tone onset (in all cases, the correlation window consisted of 15-70 ms after cycle onset). For each noise cycle, the variability of the correlation coefficients was estimated by separating all trials into two groups (all odd and even numbered trials) and calculating the correlation coefficients again in both groups. The difference (R diff ) between the two estimates of the correlation coefficients was calculated. Under the assumption that both estimates of the correlation coefficients have the same mean and independent noise, has zero mean and twice the variance of the individual correlation coefficient. The variance was therefore estimated as half the average squared , and the standard deviation by the square root of this number. These (admittedly very rough) estimates are used in Figures 7 and 8 for display purpose only.
Since masker bandwidth depended on BF, total masker energy varied between neurons. Therefore, masking thresholds expressed in dB SPL may be misleading because the total masker energy used for neurons with higher BFs was higher than the total energy of the maskers used for neurons with lower BFs. Where values for all neurons are summarized together, they are combined in terms of SNRs relative to the masker energy within the full bandwidth of the stimulus. It will be seen below that this results in tone thresholds in unmodulated maskers that are around a SNR of 0 dB, comparable to the SNR found in mice for narrowband maskers by Klink et al. (2010) . This result suggests that indeed, the full masker bandwidth affected neuronal responses.
Onset responses to the tone when presented in silence and when embedded in noise were quantified by the peak response. The peak response was calculated as the difference between the maximum response of the average data during the onset time window (starting 15 ms after tone onset, 25 ms long) and the average baseline activity of all trials (baseline calculated as the average activity during −50 to 0 ms before the noise onset). This value was used to quantify the differences in tone onset response in the different conditions as described below.
We calculated ′ d statistics to quantify the differences in the average tone responses at different levels for all neurons. ′ d was calculated as the difference in means normalized by the standard deviation:
We developed a nonparametric detection threshold determination using two-sample Kolmogorov-Smirnov (K-S) test, similar in spirit to the use of ′ d . This procedure was needed due to the highly non-Gaussian distribution of the correlation coefficients used to quantify changes in the envelope locking. At each tone level, neuronal responses (either changes in membrane potential or correlation coefficients) were compared with the distribution, overall neurons, of the corresponding values estimated at very low tone levels that were clearly below masked threshold. Tone threshold was determined as the lowest tone level in which the p value of the test was lower than 0.05 and remained so at higher tone levels (see "Results" section for details). We used -( ) p log as determined by the K-S test as a value that is comparable with the better known ′ d 2 .
Results
We measured intracellular responses of 40 neurons in rat AC to BF tones at varying sound levels embedded in unmodulated and amplitude-modulated broadband noise ( Fig.  1 , see "Materials and Methods" section). The use of intracellular recordings provided access to both subthreshold and spiking responses in the recorded neurons. Here, we report only membrane potential responses, since both shared similar properties, except for the expected additional variability that is inherent to spiking responses.
Envelope Locking and Locking Suppression
All neurons in our data set showed consistent onset responses to the noise stimuli. When tested with amplitude-modulated noise, some neurons also showed significant locking to all noise cycles ( modulated maskers with the same spectrum level (Fig. 2 , neuron II). Figure 2A shows membrane potential responses of 120 individual presentations of the modulated noise (see "Materials and Methods" section) in the two neurons. In both examples, onset excitatory post synaptic potentials (EPSPs) can be observed shortly after noise onset (0 ms), even in single trials. However, while neuron I clearly had responses that were locked to the following 4 noise cycles ( Fig. 2A, left) , such locked responses occurred, if at all, only to the second noise cycle in neuron II ( Fig. 2A, right) . The average of all 120 responses to the modulated noise is plotted in Figure 2B (black) together with the average response of all other neurons (gray). The average response of neuron I reflects the clear envelope locking of the single trials, while neuron II shows an onset response possibly followed by weak locking to the following noise cycle, but hardly any locking to the later noise cycles. Figure 3A ,D shows the average response of the same two neurons as in Figure 2 to tone when presented together with the modulated noise (red, noise onset at 0 ms and tone onset at 150 ms, see "Materials and Methods" section). For comparison, the responses to the two components of this stimulus are plotted as well. The average response to the modulated noise alone (blue) is the same as in Figure 2B . The green trace represents the response elicited by the tone when presented alone (without the masking noise) at the same level used in the combined stimulus.
In both neurons, the responses to the noise alone and to the tone+noise stimuli were similar from noise onset and until tone onset. This was expected, since the stimuli are identical in the two conditions before tone onset. In both neurons, the tone presented alone evoked a clear onset response, which was fully masked in the presence of the noise. However, in neuron I (Fig. 3A) , the envelope locking was reduced during the third noise cycle, just after tone onset. In this example, the tone was presented at the lowest level that produced a change in the envelope locking pattern (red) relative to the pattern evoked by modulated noise alone (blue). As argued later, these changes in temporal response patterns can be used for detecting the tone in the presence of the modulated masking noise. On the other hand, neuron II did not have an obvious response locked to any of the noise cycles, and no obvious changes in the temporal response pattern could be observed in the presence of the tone.
We quantified locking to the modulation envelope by comparing the response to each noise cycle in the modulated noise alone condition with the average response of all other neurons in the same time window. Figure 3B ,E illustrates this comparison for the responses evoked by the third noise cycle in the two neurons (marked in blue in the schematic drawing at the bottom of Fig. 3A,D) . Figure 3B ,E depicts the response of each neuron to the third noise cycle (blue) together with the average response of all other neurons in our data set to this noise cycle (gray). As indicated before, neuron I showed envelope locking and indeed its response to the third noise cycle correlated well with the average response of all other neurons. On the other hand, neuron II showed rather weak locking compared with the average response (Fig. 3B ). Figure 3C ,F plots the response to the third noise cycle (abscissa) against the average response of all other neurons (ordinate). The correlation between the two was used to quantify the strength of locking (see "Materials and Methods" section). In Figure 3 , the correlation coefficient for the third noise cycle was considerably higher for the neuron I ( Fig. 3A -C, correlation of 0.92) than to neuron II ( Fig. 3D-F , correlation of 0.46).
The correlation coefficients for all neurons and all cycles are plotted in Figure 4A (gray lines) together with their median values (black). The median correlation coefficient dropped slightly for later noise cycles (Fig. 4A) , but there was a clear population of neurons with consistently strong locking to all noise cycles. Figure 4B to separate between "strongly locking" and "weakly locking" neurons. Thus, the two groups had the same number of neurons (n = 20). It could be hypothesized that neurons with stronger onset response had stronger response to later noise cycles; for example, in Figure 3 , the average onset response of neuron I was about twice as large as that of neuron II. Figure 4C displays the average correlation coefficient for all cycles (ordinate) plotted against the peak of the onset response, showing that the strength of the onset response was not significantly associated with envelope locking (r = 0.2, n = 40, n.s.). Similarly, envelope locking was not significantly associated with BF (Fig. 4D , r = 0.25, n = 40, n.s.) so that both strongly and weakly locking neurons were found at all frequencies in the roughly 3 octaves (5-40 kHz) that are represented in these data.
Responses to Masked Tones Figure 5 shows the grand average response of all strongly locking neurons (n = 20, the responses of each neuron were corrected to baseline) in each of the tested conditions. For each neuron, tone levels were converted to SNR, and responses at the same SNR were averaged across neurons (see "Materials and Methods" section). Figure 5A shows the average response to BF tones (14 different sound levels) embedded in modulated (left) and unmodulated noise (right). The lower bar in Figure 5A shows the average response to the noise alone. The responses to the same tones presented in silence are displayed in Figure 5B .
Comparison of the responses to the tones with the maskers (Fig. 5A ) and without the maskers (Fig. 5B) reveals masking of the tone responses by both modulated and unmodulated noise. While responses to tones in silence were easily observable at low sound levels, in noise (both modulated and unmodulated) the onset responses to tones were hardly detectable below an SNR of 5 dB (tone stronger than noise; this and later claims about masked thresholds will be quantified later).
The addition of tones to the modulated masker produced changes in the pattern of the envelope locking. These changes occurred as suppression of the envelope locking starting with the first noise cycle after tone onset (the third noise cycle after noise onset). At tone levels that produced clear onset responses (above 5 dB SNR), envelope locking disappeared completely, but even at lower tone levels, when the onset responses to the tone were still masked, the locking pattern evoked by the modulated noise was modified by the addition of a tone. The lowest tone level that produced clearly detectable suppression of the locking pattern is marked with red arrow in the left column of Figure 5A (modulated, −15 dB SNR) and the corresponding responses are displayed as line plots in Figure 5C (tone alone in green, modulated noise alone in blue, tone+noise in red).
The responses at the same tone levels in the unmodulated noise conditions are shown in the right column of Figure 5 . There are minor differences in the responses (blue and red), but no consistent changes due to the presence of the tone. Figure 6 shows the average of the responses of all weakly locking neurons (n = 20, the responses of each neuron were corrected to baseline) in the same layout as in Figure 5 . The lowest tone level that showed onset response in noise was similar in both modulated and unmodulated noise (5 dB SNR, Fig. 6A) , showing a substantial amount of masking. In the modulated noise condition, envelope locking was weak (Fig. 6A, left) . Thus, in contrast with the strongly locking neurons (Fig. 5) , changes in the locking patterns could not be used to determine the presence of a tone (Fig. 6B,C) .
Single neurons had similar response patterns to that of the population average shown in Figures 5 and 6 . Figure 7 shows a typical neuron that had strong envelope locking in the same layout as Figure 5 . This neuron is marked with the higher of the two squares in Figure 4C ,D. As for the population average in Figure 5A , in this neuron both modulated noise and unmodulated noise masked the onset responses to the tone at low tone levels. In modulated noise, the tone onset response was apparent only at sound levels substantially higher than tone threshold in silence (threshold in noise of about 75 dB SPL, Fig. 7A left, vs. threshold in silence of about 45 dB SPL, Fig. 7B ; total noise energy was 75 dB SPL). A similar increase in threshold occurred in presence of unmodulated noise as well (Fig. 7A, right) . Suppression of the locking to the envelope fluctuations following tone onset (Fig. 7A,C left) could be used to detect the tone at lower sound levels, similar to Figure 5A ,C. The lowest tone level that resulted in locking suppression was 60 dB SPL (red arrow in Fig. 7A and red trace in Fig. 7C, left) . This level was substantially lower than the level needed to produce detectable onset responses. For later reference, we note that presenting the tone alone at this sound level produced a clear response (green, Fig. 7C ).
In order to quantify the locking suppression, we calculated the correlation between the time course of the responses to noise alone and to the tone in noise conditions, separately for each noise cycle (see "Materials and Methods" section and Fig. 3 ). Figure 7D shows these correlation coefficients for the noise cycle before tone onset (second noise cycle, black), the noise cycle just after tone onset (third noise cycle, blue), and for the fourth noise cycle (red). As expected, the correlation for the second noise cycle (just before tone onset) is close to 1 as these responses were elicited by the same stimulus, independent of the sound level of the tone. On the other hand, for the third and fourth noise cycles, occurring after tone onset, correlation coefficients were high at low tone levels but decreased when tone level increased. For the unmodulated noise, correlation coefficients were calculated in the same time windows as for the modulated noise. Since there were no modulations and no envelope locking, these correlation coefficients are noisier and showed no clear trend as a function of tone level. An example of a weakly locking neuron is shown in Figure 8 in the same layout as in Figure 7 . This neuron is marked with the lower of the two squares in Figure 4C ,D. In this neuron, the responses evoked by both types of maskers were similar, consisting of an onset response with no envelope locking. The threshold for tone onset in noise was similar for the two maskers (about 80 dB SPL, Fig. 8A ; total noise energy was 73 dB SPL) and was higher than the threshold to the tone in silence (45 dB SPL, Fig. 8B ). Figure 8C plots the responses to the relevant stimuli at an SNR similar to that used in Fig. 7C . Figure 8D plots the correlation coefficients for the three noise cycles. These are as noisy for the modulated noise as for the unmodulated noise, and do not provide a consistent cue for tone detection either in modulated or in unmodulated noise.
As Figures 5-8 illustrate, tone onsets produced detectable responses in the presence of noise only at high tone levels, at an SNR of 0 dB or higher. Figure 9A illustrates quantitatively the detectability of the onset responses to the tone. Figure 9A shows the distribution of the average membrane potential of all strongly locking neurons (corrected with respect to the average baseline of each neuron) in the time window of tone onset, when the tone level was low and when the tone was absent (−25 and -∞ SNR, respectively). The distribution of average membrane potential in the presence of the low-level tone (−25 dB SNR, gray) was essentially identical to the distribution of membrane potential in the same time window when a tone was absent (black). In contrast, at a high tone level (Fig. 9B , 15 dB SNR, gray), the distribution of the average membrane potential was shifted to higher values, as expected from the presence of responses evoked by the tone. We quantified this shift by the differences between the mean of the two distributions normalized by the standard deviation (d′, see "Materials and Methods" section). The d′ value for the comparison between -∞ and −25 dB SNR was 0.067, while between -∞ and 15 dB SNR, the d′ value was 1.18.
Note that since the responses are averages from 15 to 75 trials, the resulting d′ cannot be interpreted as a measure of tone detectability based on a single trial of a single neuron. Instead, the d′ calculated here measures the detectability of the tone based on the fictitious population average of many (15-75) independent copies of each neuron in the data set, measured simultaneously. For Gaussian distributions, a d′ of 1.18 translates to a probability of 80% for correct detection of the tone in a 2-interval, 2-alternative force choice task based on the average responses of such populations of neurons. Figure 9C shows a different way of plotting the same data, using the cumulative distribution of the responses. While the cumulative distributions of the responses to noise alone and to noise with a tone at −25 dB SNR are essentially overlapping, the cumulative distribution of the responses at 15 dB SNR is shifted to higher values, and the d′ value quantifies the horizontal shift of these distributions at their midpoint. However, the cumulative distributions can also be compared using their vertical distance, which, appropriately normalized, is the K-S statistic. Obviously, for Gaussian distributions, d′ (the horizontal shift) and K-S (the vertical shift) are closely linked to each other. Importantly, the K-S statistic is nonparametric-it can be used to test equality of empirical distributions independently of the underlying distributions (Sokal and Rohlf 1981, pp. 440-445) .
The utility of the K-S statistic is made apparent in Figure 9D ,E, which shows the distributions of the correlation coefficients quantifying envelope locking for the third tone cycle (first noise cycle after tone onset) at 3 tone levels. These are not Gaussian, and in fact their shape changes with tone level. With no tone, the correlation coefficients scatter rather tightly and asymmetrically around 1, but at higher tone levels, as the correlation coefficients decrease in size, their distribution becomes more symmetric. Under these conditions, d′ becomes less useful as a measure of detectability, but the K-S statistic is still valid. Thus, in Figure 9E , the d′ between the distributions of correlation coefficients with no tone and at −10 dB SNR is relatively small (0.98), but the cumulative distributions are clearly different and the K-S statistic quantifies this difference very clearly (Fig. 9F) . Figure 10 presents an analysis of tone detectability in all conditions, separately for strongly locking and weakly locking neurons. The average membrane potential during the onset time window of the tone as a function of level is presented in Figure 10A . In silence, both strongly (left) and weakly (right) locking neurons showed a steady increase in response magnitude. This is due to some extent to the way we selected the tone levels to test-we rarely tested neurons much below their threshold in silence (e.g. Fig. 7B ). On the other hand, when presenting the tone in modulated (blue) and unmodulated (magenta) maskers, the membrane potential was already depolarized even at the lowest tone levels due to the presence of the masker, and no specific response to the tone was apparent at low tone levels (see also Figs 5A-8A) . The response to the tone increased above this noise-evoked value when the tone levels were sufficiently high to evoke onset responses. Clear onset responses to tones occurred only when tone level was above about 10 dB. This is illustrated in Figure 10B , which compares the tone responses in modulated (blue) and unmodulated (magenta) noises at 5 and 10 dB SNR. Average membrane potential in the onset time window was significantly higher at 10 dB SNR than at 5 dB SNR for both strongly locking neurons (paired t-test, modulated noise: t = 2.67, df = 19, P = 0.015; unmodulated noise: t = 2.53, df = 19, P = 0.02) and weakly locking neurons (modulated noise: t = 2.25, df = 19, P = 0.036; unmodulated noise: t = 2.66, df = 19, P = 0.015). In addition, at 10 dB SNR, the responses to the tone in modulated noise were larger than in the unmodulated noise condition in the strongly locking neurons (paired t-test, t = 2.63, df = 19, P = 0.017; see also Fig. 5A ). Using the same type of test, no significant differences were found between the responses in the same time window at 0 and 5 dB SNR (data not shown). Note that these significance calculations use the responses to all 20 neurons in each population, so that they represent single-trial detectability based on the responses of about 1000 neurons (25-75 copies of each of the 20 neurons in the population). As discussed above, for the correlation coefficients, it was preferable to use a nonparametric analog of the d′, the K-S statistic. In order to keep the presentation similar to the d′ analysis, we plot here the logarithmically transformed (− P log 10 ) significance of the test (P). The advantage of this presentation is that the farther the distributions are, the larger is the resulting logarithmically transformed P value (Fig. 10C right and E) . In that respect, the logarithmically transformed P value of the K-S statistic and the d′ statistic behave similarly. We applied this analysis to the average membrane potential data analyzed in Figure 9A ,B. The results are essentially identical to the analysis using t-tests. The membrane potential in the tone onset time window became significantly larger than in silence ( < P 0.05, corresponding to logarithmically transformed P value of − ( ) = log 0.05 1.3 10 ) at about 10 dB SNR, in both strongly and weakly locking neurons (Fig. 10C) . As above, these analyses represent the detectability of the tone based on the single-trial responses of about 1000 neurons. Figure 10D summarizes the detectability analysis of the tone using locking suppression in the population of strongly locking neurons. Similarly to the neuron illustrated in Figure 7 , the population-averaged correlations for the noise cycle before tone onset (second noise cycle, black) were close to 1, since there was no difference in this noise cycle between the modulated noise when presented alone and the modulated noise with tone. On the other hand, the population-averaged correlations for the third (blue) and fourth (red) noise cycles, which occurred after tone onset, decreased with sound level.
The signal detection analysis for these data is shown in Figure 10E . At each tone level, we compared the distribution of correlation coefficients of the 20 strongly locked neurons and the correlation when tone level was so low it was undetectable (the tone levels used to calculate the baseline correlation are marked with horizontal black line at the bottom of Fig. 10D ). The change in envelope locking became statistically significant in the population data at an SNR of just above −20 dB, substantially lower than the masked threshold for the onset responses.
Discussion
We reported here neural correlates of CMR in the rat AC. Both unmodulated and modulated broadband noise maskers masked the onset response to the tone. Masked thresholds based on onset responses of populations of cortical neurons occurred at SNRs from 5 to 10 dB, while changes in the envelope locking pattern in the modulated masker could be detected at substantially lower SNRs, near −20 dB. The current study has been conducted in anesthetized animals, and therefore its conclusions are limited by possible anesthesia effects on the neuronal responses. In the halothane-anesthetized cat, tonal receptive fields are as rich and varied as in the awake cat (Moshitch et al. 2006) . In a different paradigm, auditory responses to deviant sound were similar in anesthetized (Taaseh et al. 2011; Hershenhoren et al. 2014) , awake and sleeping (Nir et al. 2015) rats.
The relatively weak envelope locking that we found in rat AC to 10 Hz modulated noise is a response property that could be related to anesthesia (Langemann and Klump 2001) . Neuronal responses in awake rats could show stronger envelope locking, and therefore locking suppression by the addition of low-level tones could be detected more easily (as in cat AC, Las et al. 2005) . We therefore believe that the masked thresholds that rely on locking suppression reported here are conservative.
Previous electrophysiological studies of CMR in animal models were conducted in Guinea pig cochlear nucleus (Pressnitzer et al. 2001; Neuert et al. 2004) , Starling forebrain Nieder and Klump 2001; Hofer and Klump 2003) and in Frog midbrain (Goense and Feng 2012) . In these studies, masked thresholds were measured using increases in the neuronal responses (spike rates in all of these studies). Generally, the average masked thresholds in these studies in unmodulated noise were larger than in modulated noise by about 4-10 dB. The most sensitive neurons showed therefore larger differences between the thresholds in modulated and unmodulated maskers, and at least in birds, where behavioral thresholds were measured as well, behavior followed the more sensitive neurons, rather than the population average.
In our study, using membrane potential responses, both modulated and unmodulated maskers increased tone detection threshold 10) . Masked thresholds for the onset responses to tones in rat AC occurred at SNRs above 0 dB for both unmodulated and modulated maskers. The rather similar responses to tone onset in unmodulated and modulated noise reported here could be the result of the long-lasting forward masking in rat AC, which is substantially stronger than in subcortical stations (Wehr and Zador 2005) .
We used noise bands with a bandwidth equal to the BF of the neurons, centered at BF. In consequence, the bandwidth of the maskers was about 1.4 octaves. The finding that masked threshold occurred above 0 dB SNR suggests that the full bandwidth of the noise was effective in masking the tone responses. This seems to be in contradiction with the critical band estimates in rats (approximately one-third of an octave; Malmierca et al. 2008) . However, critical bands are determined in the subcortical auditory system, being essentially fully established at the level of the inferior colliculus (Ehret and Merzenich 1988) . In cats as well, cortical responses seem to be inconsistent with critical bands (Ehret and Schreiner 1997) . In particular, individual cortical neurons may integrate the responses of multiple critical bands (Bee et al. 2007; Scholes et al. 2011; Taaseh et al. 2011; Hershenhoren et al. 2014) . Such across-frequency integration in AC may underlie the rather high masked thresholds of the onset responses that we report here.
Consistent with previous studies of CMR, we found some indications that the onset responses were stronger in modulated than in unmodulated noise. In several examples, the evoked response threshold was remarkably lower when the tone was embedded in modulated noise, compared with the tone in unmodulated noise. In the population activity, the tone evoked response was significantly (but only slightly) larger in modulated noise at near-threshold levels, as illustrated in Figure 10B . In spite of these larger tone responses in modulated noise, we failed to demonstrate a significant difference in the masked thresholds of the onset responses between modulated and unmodulated noise. Some possible reasons for our failure to demonstrate such a difference include the different brain area we studied (both frog and guinea pig studies were conducted in subcortical stations) as well as species differences. Another plausible reason is the relatively low resolution of sound level that we used: 5 dB between successive tone levels. If the threshold difference was smaller than 5 dB, we could have missed it.
In contrast with the small differences in masked thresholds of the onset responses, we found significantly lower thresholds for the detection of tones in modulated maskers when considering the temporal structure of the neuronal responses, as previously suggested by Las et al. (2005) . Las et al. (2005) examined intracellular activity in cat AC. In their study, neural envelope locking to fluctuating broadband noise stimuli was disrupted by the presentation of low-level tones. In the current study, we used the same fluctuating masker as in Las et al. (2005) and showed suppression of the envelope locking to the modulated noise in the presence of low-level tones. Masked thresholds in modulated noise could be substantially lower (by about 30 dB) when determined using locking suppression than when using the onset responses to tones. Thus, locking suppression of the responses to fluctuating maskers could be a highly sensitive correlate of CMR in rat, as in cat, AC.
Rat AC nevertheless seems to be different from cat AC. The envelope locking in the rat was weaker than in the cat, using the same stimuli and similar anesthesia as in Las et al. (2005) . Las et al. (2005) found robust envelope locking even in single trials and had generally larger EPSPs and larger modulation depth than described here for all noise cycles. Furthermore, Las et al. (2005) reported that locking suppression was hypersensitive, in that it occurred at tone levels below tone threshold in silence. In rat AC, locking suppression is not hypersensitive in this sense.
Since the experimental set-up in our study was very similar to Las et al. (2005) , we suggest that the weaker envelope locking in the rat compare with that in the cat, as well as the lack of hypersensitive locking suppression, is due to species difference. Indeed, a detailed study of envelope locking in mice (a species closely related to the rat) using extracellular recordings showed considerable decrease in envelope locking to noise bursts at rates above 5 Hz (Christianson et al. 2011) .
How can the somewhat different results of the studies of CMR in the various vertebrate species be reconciled? In subcortical stations, at least from the cochlear nucleus up to the inferior colliculus, all studies concur in that tone presence is signaled by increased response rate (Pressnitzer et al. 2001; Neuert et al. 2004; Las et al. 2005) . Those studies that measured time-resolved responses (Pressnitzer et al. 2001; Neuert et al. 2004; Las et al. 2005; Goense and Feng 2012) also concur in that the increase in neuronal responses occur in the dips of the masker pattern. These findings are consistent with the some human psychoacoustical studies that suggest that tone detection occurs in the valleys of the modulation pattern (Buus 1985; Fantini 1991; Hall and Grose 1991; Buus et al. 1996) .
Forebrain responses in starlings Nieder and Klump 2001; Hofer and Klump 2003) seem to follow the same rules as subcortical stations-in modulated noise, tones increase response rate at lower levels. Unfortunately, the studies in bird forebrain the temporal modulation patterns of the response were not analyzed ) or could not be tested since the modulation pattern was random from trial to trial Hofer and Klump 2003) . In the two mammalian species in which cortical responses were studied (cats and rats), suppression of envelope locking has been found (Las et al. 2005 in cats; this study in rats). This suppression occurred at substantially lower SNRs than the emergence of detectable onset responses, and could be a cortical cue for tone detection in fluctuating maskers.
For rats, there is a lack of behavioral data to compare with the electrophysiology shown here. CMR in mice has been studied behaviorally by Klink et al. (2010) . In their study, the flanking-band CMR paradigm was used. In this paradigm, the masker consists of a narrowband on-frequency noise masker (25 Hz) together with another narrowband fluctuating noise that was centered on a remote frequency, and whose envelope pattern was either coherent or incoherent with that of the onfrequency masker. Klink et al. observed a large CMR (15-20 dB difference in thresholds between the coherent and incoherent conditions) when the on-frequency band and the flanking band were close in frequency (100 Hz at 10 kHz), but CMR dropped to about 5 dB when the flanking band was 1 kHz away from the target and to nonsignificant values at a difference of 5 kHz. Klink et al. (2010) interpreted the large behavioral threshold difference between coherent and incoherent maskers they measured at very small flanking band separations as the result temporal cues that were produced by the interaction between the two bands already in the inner ear, producing beating at the difference frequency (100 Hz) that could be detected by the auditory system. This paradigm is different from the one we used here in two important respects. First, the masker used here was broadband. Second, the modulation pattern we used was slower and had a larger modulation depth. We do not believe that the temporal cues produced in the flanking band paradigm could operate in our data, because of the different synthesis procedures (using identical phases in the two bands by Klink et al. (2010) , using independent random phases in each frequency band in our case). On the other hand, the use of the trapezoidal envelope in the current study produced a different type of temporal cues, which produced envelope locking in many of the cortical neurons we studied.
We therefore suggest that the results of both Klink et al. (2010) and of the current study point to the importance of temporal cues that are present in the envelopes of the maskers for the neural processing of CMR. Indeed, a number of studies invoked the temporal structure of cortical responses as an important cue that enables discrimination between artificial as well as natural stimuli (Walker et al. 2008; Huetz et al. 2009 ). The use of temporal cues is consistent with the wide bandwidth of cortical neurons mentioned above. Indeed, with their wider bandwidth, cortical neurons may be able to follow the temporal envelopes of broadband signals better than their narrowband subcortical counterparts. The sensitivity of cortical neurons to temporal edges (Fishbach et al. 2001; Heil 2001 ) may be one mechanism that underlies the specific effects discussed here. We suggest therefore that the disruption of temporal cues by the addition of low-level tones is the major cue in AC for detecting low-level tones in fluctuating maskers.
